Biological invasions are largely thought to be contemporary, having recently increased sharply in the wake of globalization. However, human commerce had already become global by the mid-16th century when the Spanish connected the New World with Europe and Asia via their Manila galleon and West Indies trade routes. We use genetic data to trace the global invasion of one of the world's most widespread and invasive pest ants, the tropical fire ant, Solenopsis geminata. Our results reveal a pattern of introduction of Old World populations that is highly consistent with historical trading routes suggesting that Spanish trade introduced the tropical fire ant to Asia in the 16th century. We identify southwestern Mexico as the most likely source for the invasive populations, which is consistent with the use of Acapulco as the major Spanish port on the Pacific Ocean. From there, the Spanish galleons brought silver to Manila, which served as a hub for trade with China. The genetic data document a corresponding spread of S. geminata from Mexico via Manila to Taiwan and from there, throughout the Old World. Our descriptions of the worldwide spread of S. geminata represent a rare documented case of a biological invasion of a highly invasive and globally distributed pest species due to the earliest stages of global commerce.
Introduction
Human-mediated changes to the environment and globalization of trade have brought biological invasions into the public, political and scientific limelight (Vitousek et al. 1997; Bright 1999; Py sek & Richardson 2010; Lowry et al. 2013) . Several recently introduced species have become notorious invaders and highly invasive and damaging pests, costing billions to control and taking a toll on human health and the environment (Pimentel et al. 2000 (Pimentel et al. , 2005 . Human migration and trade have always aided dispersal of other organisms as commensals. Indeed, Darwin (1859) had already recognized the transformation of ecosystems by invasions during his 19th century travels. Some of the earliest documented cases of dispersal via human migration are the spread of a skink and gecko during the colonization of Polynesia starting from 1500 BCE (Fisher 1997; Austin 1999 ) and the movement of house mice (Rajabi-Maham et al. 2008) and domestic animals following the Neolithic expansion (Larson et al. 2007; Sacks et al. 2013) . However, historical records or archaeological evidence for species invasions is often lacking or difficult to acquire, and most evidence for commerce-mediated invasions is recent. This bias is undoubtedly augmented by human-mediated introductions having increased sharply with the rise in global transportation and trade (Meyerson & Mooney 2007; Westphal et al. 2007; Hulme 2009 ). Although such global transport is largely assumed to be contemporary, Europe, Africa and Asia were already well connected through a vibrant commercial network, and trade had become truly global in the 16th century when the Spanish established trade routes across the Pacific and Atlantic Oceans (Flynn & Gir aldez 2004) . The Manila galleons and West Indies fleet connected Spain to the Asian markets via the New World. The extent to which early global trade may have been important for setting up many current biogeographic patterns is unknown, as we lack studies that examine range expansions at this time (but see Aplin et al. 2011) .
Ants are ideal models to test whether the emergence of global trade had a far-reaching biogeographic impact, as they are readily moved via ship transport, making them highly susceptible to human dispersal. There are a number of widespread ant species with global or near global distributions (McGlynn 1999) . Their native ranges are often unknown, as is accurate and detailed historical documentation of their spread. Many of these species are known to have reached a near global distribution by the 19th century (Wetterer 2005 (Wetterer , 2008 (Wetterer , 2010 (Wetterer , 2011 (Wetterer , 2012 Wetterer et al. 2009 ), raising the possibility that they were distributed along the same routes and during the same times. If so, comparative analyses of invasion histories should recover the predominant trade routes during the time of invasion and highlight the importance of human commerce as a main vector for human-mediated dispersal.
One such globally distributed ant species is the tropical fire ant (TFA), Solenopsis geminata (Fabricius 1804). While TFA is not as well studied as its congener, the Red Imported Fire Ant (S. invicta), TFA is often the most common, abundant and conspicuous ant in disturbed areas and has a much wider distribution. Having colonized virtually all tropical regions in the world (Wetterer 2011) , it is one of the most widespread tropical and subtropical ants. Like many other widely distributed early invasives, there has been uncertainty regarding the native range of TFA. It has long been known outside the New World (Wetterer 2011 ); a red variant (subspecies S. geminata rufa, now a junior synonym of the nominal form (Ettershank 1966) ) was initially considered to be indigenous to Asia and distinct from the New World forms (Creighton 1930) . However, this red form was later found to occur from Florida to Panama, which suggests a New World origin for S. g. rufa (Creighton 1930) . Trager (1991) hypothesized that the Old World S. g. rufa derived from a single introduction event based on the high uniformity of the Asian and Pacific populations, but noted that the dark West African specimens of the TFA more resembled forms from the southeastern U.S.A. and the Caribbean. Clearly, without exact knowledge of an invasive species' population and invasion history, it is difficult to identify native ranges.
Tropical fire ant is a pioneer species (Perfecto 1991) , a generalist keystone predator (Risch & Carroll 1982) , and readily occupies urban and agro-ecosystems (Perfecto 1991; Holway et al. 2002; Perfecto & Vandermeer 2011) . This ant also is well known as an agricultural pest (Lakshmikantha et al. 1996; Holway et al. 2002) and is thought to be one of the infamous Hispaniolan plague ants of the early 16th century (Wilson 2005) . Damage to crops is mostly indirect, by tending honeydew-producing aphids and other Hemiptera (Risch & Carroll 1982; Carroll & Risch 1984 ), but foragers also are known to girdle citrus trunks (Wolcott 1933) , deter specialist pollinators (Carroll & Risch 1984) and damage irrigation tubing (Chang & Ota 1976) . Aside from its negative impacts on agriculture, TFA can impact both vertebrate (Travis 1938; Kroll et al. 1973; Moulis 1996; Plentovich et al. 2009 ) and invertebrate (Lake & O'Dowd 1991; Way et al. 1998; Geetha et al. 2000) faunas. The latter has led it to be described as an important biocontrol agent of invertebrate pest species (Way et al. 2002; Way & Heong 2009) .
Research on invasive populations of TFA has lagged far behind that of the other invasive ant species, particularly its congener S. invicta (Tschinkel 2006). Systematic study and understanding of biological invasions are not only important to better control, manage and prevent establishment of invasive species, but also represent ideal model systems for the study of important questions in evolution and ecology (e.g. rapid evolution, genetics of adaptation to new environments) (Sax et al. 2007; Suarez & Tsutsui 2008; Simberloff et al. 2013 ). Molecular genetic methods have become an important tool for the study of biological invasions Fitzpatrick et al. 2012; Kirk et al. 2013) , allowing inference of parameters otherwise difficult or impossible to obtain by other means. Here, we present the first population genetic study using microsatellites and mtDNA sequences of the TFA on a global scale. We describe the population structure of this ant, identify the most likely source population, estimate times and infer routes of invasion, and document recent, human-mediated long distance dispersal. Our data indicate that TFA spread in the wake of the first global trade network in the 16th century.
Materials and methods

Data generation
Sample collection. A total of 192 TFA colonies were sampled from across the current geographic distribution of Solenopsis geminata (Fig. 1, Table S1 , Supporting information). To generate statistically independent samples, only a single worker ant was used from each colony. We roughly distinguish between the New World (i.e. the Americas including the Gal apagos) and Old World (Africa, Asia and Australia). Samples of the three most closely related species to S. geminata (S. xyloni, S. amblychila, and S. aurea) were used as outgroups for the phylogenetic analyses (Trager 1991; Pitts et al. 2005) .
Mitochondrial DNA sequencing. We amplified 646 bp of the mitochondrial gene cytochrome c oxidase 1 (CO1) from 182 specimens of S. geminata and five outgroup specimens following published procedures (Ross et al. 2003) . Resulting sequences were checked for the presence of premature stop codons and indels and compared to S. geminata mtDNA sequences from GenBank; amplified fragments were consistent with mtDNA and not nuclear homologs. Sequences were readily aligned by hand and are deposited in GenBank (Table S1 , Supporting information).
Microsatellite genotyping. Forty-five microsatellite markers were amplified following methods outlined in previous studies (Ascunce et al. 2009 (Ascunce et al. , 2011 . Briefly, genotypes of a single female from 151 colonies were determined at 45 nuclear microsatellite loci. We only included individuals with genotypic data for >30 microsatellite markers in our analyses, resulting in 68 native and 77 invasive samples retained for subsequent study. Following best practice procedures (Bonin et al. 2004; Hoffman & Amos 2005) , we estimated microsatellite genotyping error rate by independent allele scoring and double-checking of random individuals, which also helped to identify and eliminate errors that had occurred during scoring of alleles by hand. Loci were screened for null alleles, Hardy-Weinberg equilibrium and linkage disequilibrium.
Data analysis
Generally, we analysed the mtDNA sequence data and nuclear microsatellite data separately to be able to compare and contrast potential differences between maternal and biparental gene flow and divergence. To examine population genetic structure at a finer resolution in the nuclear data set, we also analysed the New World and Old World/Australian samples separately.
Multivariate analyses of microsatellite data. As part of data exploration, we performed several multivariate analyses, which do not make strong assumptions about the underlying genetic model (Jombart et al. 2009 ). We conducted discriminant analysis of principal components (DAPC), which finds principal components best summarizing the differences between these clusters while minimizing within-cluster variation (Jombart et al. 2010) . DAPC was carried out with the adegenet 1.3-8 package (Jombart & Ahmed 2011) implemented in R 3.0.1 (R Development Core Team 2013). As we wanted a na€ ıve comparison between this method and the Bayesian clustering methods, we assumed no prior group membership and used sequential K-means clustering (up to K = 15) and model selection to infer genetic groups. The Bayesian information criterion (BIC) (Schwarz 1978 ) was used to assess the support for the model (i.e. the number of clusters and assignment of individuals to them), which is an efficient measure of support (Lee et al. 2009 ). Although K-means clustering is performed on transformed data using PCA, we used all 145 principal components, thus retaining all variation of the original data. We used 10 9 iterations and 10 3 random starting centroids for each run, which both aid in the convergence of the algorithm. To not overfit the discriminant function, we chose the optimal number of principal components for the DAPC using the optim.a.score function. The a-score captures the trade-off between the power of discrimination and overfitting using too many principal components in the analysis by measuring the proportion of successful reassignments of the DAPC analysis compared to K-means clustering (observed discrimination) and random clustering (random discrimination). Subsequent DAPCs were conducted with three principal components (explaining 37.8% of variance) and three retained discriminant functions. The use of principal components also ensures that information provided to the discriminant analysis is uncorrelated, thus removing potential effects of linkage disequilibrium. Plotting discriminant functions with minimum-spanning trees connecting the cluster centroids allows a visual representation of affinities between clusters. To validate our decision to recognize substructure in our data set, we compared stability of group membership probabilities of the eight inferred clusters to random clustering, giving an indication of how well supported the clusters are. Low group membership probabilities suggest that clusters are not supported by the data. As retention of too many principal components can result in overinflated membership probabilities and hence perfect discrimination, we conservatively used only three principal components and discriminant functions.
We estimated how well supported the group membership was relative to collection locality. Posterior group memberships can be used to indicate admixture or misclassification when prior groups are used to conduct the DAPC. We repeated the DAPC, grouping samples by region or country of origin (Fig. 2B ). Membership assignment probabilities to each region based on retained discriminant functions were compared to the groups identified by K-means. Posterior assignment probabilities to a priori selected groups indicate the validity of a given group.
Bayesian clustering of microsatellite data. As the multivariate methods inferred cluster sizes varying up to 10-fold, we used the Bayesian clustering software STRUCTURAMA 2.0 (Huelsenbeck et al. 2011) to assign samples to clusters, which has been shown to outperform other methods (Fogelqvist et al. 2010; Hausdorf & Hennig 2010) . STRUCTURAMA uses a Dirichlet process prior (DPP) to calculate the posterior probability of numbers of populations in the data set (Pella & Masuda 2006) , which has been shown to be an efficient and powerful method to infer population structure (Huelsenbeck & Andolfatto 2007; Onogi et al. 2011; Shringarpure et al. 2011) . STRUCTURAMA implements a Hierarchical Dirichlet Process model (Teh et al. 2006) to accommodate admixture of infinite ancestral populations while treating the number of populations as a random variable.
As this model is computationally demanding, we ran short exploratory analyses to assess the impact of the model (admixture vs. no admixture), concentration prior and hyperpriors on the analysis, with five or ten replicates for each model to test for consistency between analyses. Following the recommendations of Franc ßois & Durand (2010), we employed various models using Bayes Factor to guide model choice. While we recognize that the harmonic mean reported by Structurama is a poor estimator of the marginal likelihood as its variance is often unreasonably large, we found that K = 4 was most often chosen, regardless of model used. In addition to the marginal likelihood (which were often very similar between analyses), we also used low sum of squares score for mean partition (i.e. the partition distance; Huelsenbeck & Andolfatto 2007) to identify the best analysis. This partition distance, which is the minimum number of individuals that must be moved between populations in one of the partitions to make it identical to the other partition (Gusfield 2002) , measures the stability the partitioning scheme of a given analysis.
For the final model, we fixed a to give the desired mean of the prior for the expected number of populations [E(K) = 5] and modelled admixture using a gamma distribution shape and scale parameters (hyperpriors) set to 1 each. All analyses were conducted with the program default of sampling from a single chain run for 100 000 generations with a burnin of 100.
General description of genetic variation. Measures of genetic diversity and population differentiation were separately estimated for the mtDNA and microsatellite data sets using the groups identified by the clustering methods. We analysed the mtDNA using MEGA 5.2.2 (Tamura et al. 2011 ) and DNASP 5.10.01 (Librado & Rozas 2009 ). All sequences were included in these analyses, not only unique haplotypes. For the nuclear data, we calculated indices of genetic variation with Gerlach et al. 2010; Meirmans & Hedrick 2011) as none is an ideal summary statistic. We used nearly unbiased estimates of heterozygosity (H S and H T ) (Nei & Chesser 1983) to reduce the bias of D and G'' ST values due to small sample size of some of the inferred populations. Statistical significance of pairwise F ST values was tested using an analysis of molecular variance with 10 000 permutations (Excoffier et al. 1992; Michalakis & Excoffier 1996) with Bonferroni correction (Rice 1989) .
Phylogenetic analyses. To obtain a more explicitly phylogenetic perspective of the relationships between clusters using the microsatellite data, we constructed a neighbour-joining tree (Saitou & Nei 1987 ) of interindividual Nei's chord distances (D A ; ) using the neighbor program in the PHYLIP 3.69 package (Felsenstein 2005) . This is expected to reflect genealogical relationships when a large number of informative markers are used (Chakraborty & Jin 1993; Bowcock et al. 1994) . We used Nei's chord distance as it has been shown to outperform other distance measures for reconstructing phylogenetic trees using microsatellite data (Takezaki & Nei 1996 . One thousand bootstrap replicates were used to estimate branch support.
Bayesian inference of the mtDNA genealogy was performed using BEAST 1.7.5 (Drummond et al. 2012) . We estimated the best fitting partition and model of nucleotide substitution using the greedy heuristic search algorithm in PARTITIONFINDER 1.1. (Lanfear et al. 2012) , which selected the HKY+I, F81 and GTR+G model for the first, second and third codon position, respectively. Clock and tree models were linked across partitions, but substitution models remained unlinked. We applied an exponential size coalescent model (Griffiths & Tavar e 1994) with a lognormal prior on the coalescent size parameter to estimate the tree. All other priors were kept at default. As we did not extensively sample the outgroup species and this violates the assumption of random sampling of OTUs in coalescent analyses (Wakeley 2008) , we conducted the phylogenetic analyses with and without outgroups. No significant differences were found. Ten million generations were run, sampled every 1000th generation, of which the first 10% were discarded as burn-in. Stationarity of the runs was assessed in TRACER 1.5 (Rambaut & Drummond 2007) by plateauing of log-likelihoods and effective sample sizes (ESS) >200. Four independent runs were combined, all of which had similar mean log-likelihoods. To test for undue influence of the priors on the posterior parameter estimates, we compared posteriors from analyses estimated by sampling with and without (i.e. sampling only from the prior distribution) data.
Assignment and exclusion tests of microsatellite data. Assignment and exclusion tests were carried out with GENECLASS2 (Piry et al. 2004) using Bayesian approaches, which generally outperform distance and frequency-based approaches . We used the four native clusters as determined by the clustering methods as reference populations. Assignment tests were used to assign individuals collected in nonnative areas to reference clusters from the native range. Assignment probabilities of ≥95% to a given source population were considered to be significant support for the native population to be the source of invasives. In the absence of statistically significant assignment probabilities, the native reference population showing the highest average likelihood value was considered the most likely source population. Results of the Bayesian assignment tests were independent of the prior used (Rannala & Mountain 1997; Baudouin & Lebrun 2000) . However, assignment methods assume that the actual source population is represented among the reference populations and can thus erroneously assign individuals to one or another reference population with high probability if the true source population has not been sampled . Exclusion tests are not prone to such an error, as they can exclude all reference populations as putative sources of introduced populations. To perform exclusion tests, we used the resampling algorithm of Paetkau et al. (2004) , as other Monte Carlo resampling methods (Rannala & Mountain 1997; Cornuet et al. 1999) exclude an excess of resident individuals. All simulations were conducted with 100 000 simulated individuals and an alpha level of 0.01.
Once individuals from the invasive range were assigned to reference source populations, we tested whether any of these were first-generation migrants. As we could not be confident that we have sampled every native population, we used both the likelihood of an individual's genotype within the population where the individual has been sampled (L_home) and the ratio of L_home to the highest likelihood value among all populations excluding the population where the individual was sampled (L_home/L_max) as statistical criteria for the detection of first-generation migrants . While the likelihood ratio L_home/L_max has more power than the L_home statistic, it is only appropriate if all source populations for immigrants have been sampled. The L_home statistic is more appropriate when some source populations are clearly missing Piry et al. 2004 ).
Testing invasion scenarios using approximate Bayesian computation. We used approximate Bayesian computation (ABC; Beaumont 2010; Bertorelle et al. 2010) to compare invasion scenarios and infer the invasion history of the tropical fire ant. ABC is a Bayesian inference approach that does not require the specification of a likelihood function and can hence be used to efficiently carry out complex model-based inferences using large numbers of simulated data sets which are compared to the observed data set using summary statistics. All steps of the analyses were conducted with DIYABC 2.0 (Cornuet et al. 2014 ) using only microsatellite data. To limit the number of scenarios to test and for lack of a robust and reliable evolutionary history of the native populations due to rooting problems of both the microsatellite and mtDNA trees, we first sought to determine the source population(s) of the introduced clusters. To this end, we tested three competing scenarios (Fig. S3 , Supporting information), with successively more narrowly defined putative source populations. For these analyses, we considered the invasives to belong to one population and successively more narrowly defined two competing putative source populations, loosely following the clusters recovered with increasing K: (A) the South American and TexMex/Meso1/Meso2/Caribbean clusters; (B) the TexMex/Meso2 and Meso1/Caribbean clusters; and (C) the TexMex and Meso2 clusters. The three competing scenarios allowed the introduced population to derive from one or the other source population or to be admixed from both.
Second, we tested more complex and specific invasion scenarios in analyses D from which we also derived parameter estimates of invasion times, bottleneck sizes and duration (Fig. S4 , Supporting information). For this analysis, we recognized the Australian, Indo-Pacific and Meso2 clusters and we sought to distinguish between four invasion scenarios: an independent invasion, a serial invasion, an independent invasion from an unsampled ghost population and a serial invasion from an unsampled ghost population (Fig. S4A, Suporting information) .
Following Cornuet et al. (2008) , we considered only the simple generalized stepwise-mutation model (Estoup et al. 2002) to reduce the number of parameters. We left the mutation model at default settings. We also implemented a 5:6 female to male sex ratio (Travis 1941 ) and haplo-diploid locus model for all analyses, although these settings did not substantially influence the results (not shown). We only considered uniform priors and the following constraints on parameters: db < t1 < t2 < ta, Nb < N. For analyses A-C, we kept all parameter priors at their default. We set N = [10-10 000], t1,2 = [150-1000], ta = [10-10 000] and db = [1-1000] for analysis D. We used mean size variance, mean number of alleles, mean Garza-William's M index across loci, (dl) 2 distance between samples, mean size variance across loci, mean number of alleles across loci and F ST as summary statistics. We produced reference tables with 10 5 simulated data sets per scenario for analyses A-C and 10 6 data sets per scenario for analysis D for parameter estimation. To lighten the computational burden for analyses D), we used LDA-transformed summary statistics (Estoup et al. 2012) . For analyses (A-C), we used raw summary statistics. To reveal model (scenario) and/or prior misspecification prior to full analyses, we pre-evaluated scenario and prior distributions using both PCA and locating observed within simulated summary statistics to verify that at least one prior-scenario combination can produce simulated data sets that are sufficiently close to the observed data set.
We estimated posterior probabilities of competing scenarios using polychotomous logistic regression of the 1% simulated data sets closest to the observed data set (which is generally more discriminant than the direct estimates). We assessed confidence in scenario choice by computing 95% confidence intervals and type I and II errors for the most probable scenario of analysis D. We validated the choice of thresholds by repeating posterior probability calculations with fewer (0.1% and 0.0025%) and more (10% and 0.1%) simulated data sets (Cornuet et al. 2008; Guillemaud et al. 2010) , which produced similar results.
We estimated parameters after applying a logit transformation to the parameter values of the 1% simulated data sets closest to the observed data set. Use of other transformations (log or log-tangent transformation; Estoup et al. 2004; Hamilton et al. 2005 ) produced similar results (not shown). We additionally measured the performance of parameter estimation by calculating the median of the absolute error divided by the true parameter value of the 500 pseudo-observed data sets simulated using the median and mode of the posterior distribution as point estimates (relative median absolute errors, RMAE). Finally, we performed model checking with all summary statistics not used for the primary analysis using both PCA and ranking of summary statistics to assess the goodness-of-fit of our model/parameter/posterior combination.
Results
Population structure
Four to nine clusters were supported by K-means clustering and Bayesian methods (Fig. 1, Fig. S1A , Supporting information). Four clusters represent the simplest summary of the data at the highest hierarchical level (Evanno et al. 2005) , but the substantial substructure, in both geographic and discriminant space (Fig. 1) , suggests eight clusters among which genetic differentiation was pronounced and always statistically significant after Bonferroni correction (P < 0.0005; Table S3 , Supporting information). Stability of group membership probabilities, derived from proportions of successful reassignments based on retained discriminant functions of the DAPC based on maximal substructuring, was high (100% for the New World clusters and >82% for the Old World clusters compared to 0-50% of random clustering (Fig. S2, Supporting information) .
Of the eight clusters, five were in the New World (Fig. 1B) and were consistently recovered in both global and New World-only analyses. The South American cluster contains all specimens from the Amazon, Guiana Shield, Brazilian coast and Florida. The Caribbean cluster contains samples from Panama, central Venezuela, the Dominican Republic, the Grand Turks, all samples from the Gal apagos and one individual from Reunion (CAS6). The TexMex cluster contains samples from Texas and northern Mexico. The first Mesoamerican cluster (Meso1; containing samples from Costa Rica, Nicaragua, Honduras, Guatemala and a singleton from Mexico) partially overlaps the more northern second Mesoamerican cluster (Meso2; with samples from Mexico, Guatemala, Belize and a singleton from Costa Rica).
Finally, three clusters were identified in the Old World (Fig. 1B) . Minimum-spanning trees of cluster centroids and distance in discriminant space of New to Old World samples suggest a close affinity between Mesoamerica and the Old World. Global analyses and Bayesian analyses of Old World samples only differentiate between the Australian cluster (containing all samples from Australia, Christmas Island and a singleton from Reunion (CAS3)) and an Indo-Pacific cluster (containing all other Old World samples). K-means clustering of Old World samples supports further substructure. At K = 3, the Indo-Pacific cluster is split into the Indo-Pacific1 (containing samples from Hawaii, Taiwan, India and all samples from China, Thailand and Madagascar) and Indo-Pacific2 clusters (containing the remaining samples from Hawaii, Taiwan and India, all samples from the Philippines and one sample from Mauritius). Due to the relatively poor separation in discriminant space and decreasing stability of group membership relative to the New World clusters in the global analysis, we chose to ignore finer substructure (Fig. 2B,  Fig. S2 , Supporting information).
Estimates of diversity
Estimates of genetic diversity show a reduction in the Old World clusters in both the nuclear and cytoplasmic genomes, pointing to an invasive origin of these samples (Tables S3 and S4 , Supporting information). There were a total of 64 unique haplotypes in 186 mtDNA sequences generated. The putative native populations (n = 106) contain the vast majority of mtDNA diversity (57 haplotypes; Table S2 , Supporting information), whereas the putative invasive ants (n = 75) shared a total of 4 haplotypes. One of these (CAS6 from Reunion Island) is shared with two native specimens collected in the Caribbean islands of Turks and Caicos. Two specimens from Hawaii and a singleton from Christmas Island share the second haplotype. The third haplotype is unique to a sample from the Philippines. All remaining Old World samples (93%; n = 70) and a single specimen from Brazil (BrGem) share the fourth and most common haplotype. This haplotype is thus found throughout the Indo-Pacific region (Madagascar, Reunion Island, Mauritius, Australia, India, the Philippines, Thailand, China and Taiwan). The low number of haplotypes is reflected in the very low estimate of mitochondrial diversity (Table  S2 , Supporting information). The nuclear genome of the Old World clusters showed similar patterns of reduced genetic diversity relative to the native populations, but to a lesser degree (Table S2 , Supporting information).
Admixture
Bayesian posterior assignment probabilities of individuals to a single cluster were generally very high (>99%; Fig. 2A ), indicating that there is little evidence for admixture between clusters, with few exceptions. Two Meso2 samples from the Yucatan (QMX and QMX2) contained a minority proportion (6.7% and 25.6%, respectively) of their genome from the Meso1 cluster. A Brazilian sample, W-13, was also admixed, with a small proportion (7.8%) of its genome derived from the Old World clusters. Finally, CBR from Jalisco, Mexico was estimated to derive 23.3% of its genome from the Old World cluster.
Reassignment of individuals to areas of origin based on the discriminant function of the DAPC (Fig. 2B ) resulted in seven sites having high (≥80%) reassignment proportions, indicating clear-cut groups. Six strongly differentiated clusters can be visually recognized mirroring the results of the clustering methods, validating our recognition of substructure in the data set, especially in the New World. Assignment proportions for sites and clusters outside the cluster inferred by the clustering methods were generally zero, indicating no admixture between clusters. Assignment proportions were often distributed across sites within a given cluster, indicating lack of within-cluster structure. Substructure is also visible in the Old World, suggesting that recognition of an Australian cluster is valid. CAS6 from Reunion is again not reassigned to its sampled site.
Phylogenetic analyses
Both the nuclear NJ tree and mtDNA coalescent generally recover the same groups as the clustering methods (Fig. 3) . Importantly, in both data sets, CBR from southern Jalisco, Mexico is always the sister group to the invasive clade (with high support) and CAS6 from Reunion falls within a clade of Caribbean cluster samples (the Dominican Republic and Venezuela). In the NJ tree (Fig. 3A) , the Philippine and most Taiwanese samples are sister to all samples within the Indo-Pacific clade, and the Australian cluster is situated well within the invasive samples. Despite uncertainty in rooting and lack of support for the deeper nodes in the mtDNA tree (Fig. 3B) , the placement of haplotypes from the invasive range is consistent and well supported. The three Old World haplotypes form a well-supported monophyletic clade (PP = 1.0), which is always placed within a clade of North American samples.
Assignment and exclusion tests
We attempted to assign the Old World specimens to a native population (as identified by the clustering methods; Paetkau et al. 2004) . Virtually all samples of the invasive range were assigned to the native Meso2 cluster with >95% probability (Table S4 , Supporting information), with five exceptions. CAS6 from Reunion had a 100% assignment probability to the Caribbean cluster and four samples had a majority assignment to the TexMex cluster, but only one of these was significant at 95% assignment probability. Assignment tests can incorrectly assign individuals to a reference population with high probability if the true source population is not sampled. Exclusion tests do not suffer from this problem. Exclusion probabilities for our data set were generally very low (P < 0.05), suggesting that we have not sampled the true source population. However, Meso2 could not be excluded as source population for most samples (at P ≥ 0.01). Meso2 was excluded as source population only for CAS6, for which the Caribbean cluster could not be excluded (P = 0.164). Both the direct likelihood (L_home) and likelihood ratio (L_home/L_max) methods identified CAS6 from Reunion as a first-generation migrant with high probability (<0.0001%). No other F0 migrants were identified.
Inference of invasion scenarios using ABC
Progressive exclusion of native TFA populations as the source for the invasive Old World populations identified the Meso2 cluster as the most probable source. All other scenarios where the invasives are derived from other native populations (even through admixture) were rejected (Fig. S3, Supporting information) . Of the more complex models using the Meso2, Australian and IndoPacific clusters, a serial invasion scenario (where the Australian cluster is derived from the Indo-Pacific cluster) was always preferred over an independent invasion scenario, indicating one initial invasion event took place with subsequent dispersal within the Old World (Fig.  S4A, Supporting information) . Scenarios including an unsampled ghost population were also always preferred over scenarios in which the source population had been sampled. Scenario 3 (serial invasion from a ghost population) had the highest posterior probability (PP = 0.6575), and its 95% CI (0.5802, 0.7348) did not overlap with the 95% CI of the next best scenario (scenario 1; Fig. S4A , Supporting information). Type I and II errors were estimated at 0.31 and 0.124, respectively. Posterior distributions of parameters are well estimated with peaked posteriors and clear differences to prior distributions and generally low RMAE values (Table 1, Fig. S4B, Supporting information) . Estimates of population size indicate large effective population sizes for both native and invasive populations. Founding propagule size estimates are also rather large, which explains the modest loss of nuclear diversity in the introduced populations. The rather old divergence time of the ghost population suggests it is a native and not an invasive population. Divergence estimates of the invasive populations using the mode indicate the founding event occurred approximately 241 generations ago (95% CI 178, 938) . This places the initial invasion event in the early 16th century, based on colony reproductive ages of 2 years. The Australian cluster diverged approximately in the mid-19th century (~163 generations). The bottlenecks were estimated to be quite long (~100 generations).
Discussion
We use nuclear and cytoplasmic genotype data for samples collected throughout the known global range of the TFA, one of the most widely distributed pest ants, and describe its invasion history in great detail. We show that the Old World samples are introduced and derived from a single New World source population. Multiple lines of evidence support the Meso2 cluster and more specifically, southwestern Mexico, as the likely source, including results from clustering methods, admixture proportions, assignment and exclusion tests, measures of genetic diversity, tree-based methods and ABC. Creighton (1930) was the first to recognize the connection between the Old World and Mexican populations of the TFA, pointing out that the Old World S. g. rufa form was especially common in Texas and Mexico. Our analyses further suggest the invasive populations originated during one main introduction period followed by more recent long distance dispersal events from other source populations.
Divergence time estimates of the invasive populations from the native source population suggest that the main founding event(s) occurred in the early 16th century, a time of burgeoning colonialism and trade. These results are consistent with historical data. Since the early 15th century, Europeans explored and traded with Africa, Asia, the Americas and Oceania. This Age of Exploration culminated in the first truly global trade network by way of the Spanish Manila galleon trade, which connected the Asian and American markets (Flynn & Gir aldez 2004) . For 250 years (from 1565 to 1815 CE), one or two Spanish galleons set sail annually to trade New World silver for Chinese silk, porcelain and spices in Manila (Spate 2004) . Importantly, the Spanish-Mexican colonists not only brought maize, sweet potatoes and other crops to Asia, but additionally carried rock, sand and soil for ballast (Carlton 1992) , giving ample opportunity for entire TFA colonies to have been inadvertently transported during these long trans-Pacific voyages. Manila served as a hub for Spanish trade with the Chinese Ming and Qing Dynasties via the southern Chinese province of Fujian and to a lesser degree with Canton (Guangdong) province and the Molucca Spice Islands. Thus, the Spanish Philippines were well connected with the main trade centres of Asia, not only via the Portuguese and Dutch trade networks, but perhaps more importantly through an already existing vast and sophisticated Asian network (Spate 2004; Bjork 2005) . The expansive and dynamic 16th-18th century trade system would have allowed the TFA to rapidly spread to the major economic and agricultural centres of coastal Asia, Africa, and the Pacific and Indian Oceans.
The Manila galleons sailed from the Pacific port of Acapulco, Oaxaca, in southwestern Mexico. Even though we lack samples from this area, our sample from Jalisco (CBR) is both geographically closest to Acapulco (~450 km) and genetically closest to the introduced populations. This lack of sampling of populations around Acapulco and southwestern Mexico could explain divergence of the introduced populations from the native samples (e.g. the lack of shared mitochondrial haplotypes, the inference of an unsampled native ghost population and low power of the exclusion tests). However, low mitochondrial diversity stands in contrast to the relatively high nuclear genetic diversity. Although the low mtDNA haplotype variation in the invasive ants suggests a severe bottleneck during the founding event or selective sweeps associated with adaptation to the new environment, the nuclear genetic diversity of invasives is comparable to the diversity estimates of native populations and estimates of founding propagule size based on nuclear data number in the hundreds. Several factors may explain this observation. First, genetic bottlenecks are expected to be more severe for the cytoplasmic than the nuclear genome due to its smaller effective population size (Moritz et al. 1987) . Second, founding propagules may have contained multiple reproductive queens (polygyny; Banks et al. 1973; Mackay et al. 1990) . Queens in polygyne fire ant colonies are often derived from the same matriline (Ross et al. 1996) , resulting in a shared cytoplasmic genome, while the nuclear genome is not similarly impacted. While the social form of most introduced populations has not been conclusively determined, field observations of nest structure and spacing suggest that polygyny is common. Third, selective sweeps due to adaptation to the newly invaded environment or endosymbiont-driven reductions can result in reduced mitochondrial diversity (Hurst & Jiggins 2005; Suarez & Tsutsui 2008) . On the other hand, loss of genetic diversity can be modest or nonexistent if the founding propagule is large, the bottleneck brief and population growth rapid (Suarez & Tsutsui 2008) . Moreover, historical processes operating in the source population(s) shape the level of genetic diversity introduced during the invasion process (Taylor & Keller 2007) . Despite the relative genetic homogeneity of the invasive clusters, several inferences on the spread of the TFA within the invasive range can be made. First, the DAPC, minimum-spanning tree and measures of population differentiation indicate that the Indo-Pacific2 cluster is closest to the source population, suggesting that the other non-native clusters stem from there. The Indo-Pacific2 cluster, containing all Philippine and most Taiwanese samples, also has the highest mtDNA haplotype diversity of the invasive clusters, as the two rare haplotypes are found within this cluster. The NJ tree places the Philippine samples sister to the remaining invasives, followed by most Taiwanese samples. This is congruent with direction of Spanish trade from Acapulco via Manila to southern China and Formosa (Taiwan), where the Spaniards briefly settled in the 17th century. Finally, all analyses suggest that the Australian cluster is derived from the Indo-Pacific cluster and does not represent an independent invasion event. The ABC analysis estimates the invasion of Australia and the Christmas Island occurred more recently (188-376 years ago), which is consistent with the relatively late (ca. 1869 CE) European settlement of northern Australia.
Human-mediated movement of the TFA is still ongoing. We identified both samples from Reunion as recent or first-generation immigrants. While CAS3 may not be an F0 migrant, CAS6 (belonging to the Caribbean cluster) clearly is. Such long distance dispersals are a wellknown feature of invasions ). There also is evidence for reintroduction of the TFA into its native range. Two samples from Bahia, Brazil (BrGem and W-13), have admixed genomes derived from the invasive and South American populations. A likely explanation for the genetic footprint of the invasive cluster in Brazil is due to a secondary invasion of TFA from the invasive range. Given that both samples were collected close to the city of Salvador, the economic and cultural hub of northeastern Brazil, it is perhaps not surprising to find evidence of a secondary invasion here.
We demonstrate that the TFA achieved its current pantropical distribution through Spanish trade with Asia during the 16th-18th century. One major introduction event from a single source population first brought the TFA from southwestern Mexico to the Philippines and then China, and from there, it was dispersed throughout the Old World tropics. However, movement of this highly invasive ant is still ongoing as indicated by the finding of long distance, first-generation migrants from the Caribbean to Reunion, or reintroduction from the invasive populations to the native range in Brazil. To the best of our knowledge, this is the first documented evidence of human-mediated introduction of a highly invasive pest species during the first truly global trade network. Our results are in contrast to many other unintentionally introduced social insects where data largely supports patterns of establishment much later, ranging from the late 19th century to mid-20th century (Tsutsui et al. 2001; Krushelnycky et al. 2005; Ascunce et al. 2011; Beggs et al. 2011; Evans et al. 2013) . However, some invasive ant distributions look surprisingly similar to that of TFA and already appeared to be well established by the 19th century (Wetterer 2005 (Wetterer , 2008 (Wetterer , 2011 (Wetterer , 2012 Wetterer et al. 2009 ). Thus, it is likely that other ants were spread along the same maritime trade routes, a conclusion supported by the fact that soil often was used as ballast (which was common well into the early 20th century; Carlton 1992), a habit that would suggest the transport of soil nesting ant colonies is highly likely. Further study of the TFA and other ant species in their native and invasive ranges (e.g. Suarez et al. 2001; Ascunce et al. 2011) will shed light on the causes, processes and consequences of biological invasions and allow a richer assessment of the impact of human history on contemporary biogeographic patterns.
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